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Article history: As the name infers, the triple-layer remote phosphor (TRP) has 3 phosphor 
layers includes the red MgsGe2O11F2:Mn** phosphor layer on the top, the 
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article. As to control the red light for higher value achieve in the color 
rendering index (CRI), using red MgsGe2O11F2:Mn** phosphor in the TRP 
Keywords: structure is recommended. All the outcomes indicate that when red phosphor 
MgsGe2011F2:Mn* concentration grows the CRI gets higher values, and 


Color quality scale drastically declines when the concentration of green phosphor 





Luminous flux MgCeAli1019:Tb** increases. As the same time, applying the green 
Remote phosphor package MgCeAl11019:Tb** phosphor layer to manage the green light as it can make 
Triple-layer structure the luminous efficacy (LE) of WLEDs increase. In particular, the index of 
WLEDs LE can also be improved over 40% by limiting the scatter of light and putting 


in green light. Moreover, to preserve the average correlated color 
temperature (ACCT) stable at 8500K, the yellow YAG:Ce** concentration 
must be cut down as the concentration of red and green phosphor rise. 


This is an open access article under the CC BY-SA license. 


Corresponding Author: 


Phung Ton That 

Faculty of Electronics Technology 

Industrial University of Ho Chi Minh City 

No. 12 Nguyen Van Bao Street, Ho Chi Minh City, Vietnam 
Email: tonthatphung@iuh.edu.vn 


1. INTRODUCTION 

Phosphor-converted white light-emitting diodes (WLEDs), a promising light source with numerous 
remarkable attributes including being the compact, power saving, cost effective, and color consistency, have 
received increasing popularity in illumination market [1-3]. WLEDs are manufactured by applying the 
complementary colors principle, merging blue lights from a blue LED chip and yellow lights from phosphor 
[4]. The most well-known technique to produce white light is to employ the freely dispersed coating. In this 
process, the transparent encapsulated resin and the phosphor powder are blended together then scattered on 
the phosphor layers. The method provides control over the thickness of phosphor and is low cost, however, 
cannot achieve high quality WLEDs due to low luminous efficiency. Therefore, WLEDs can possibly 
participate in solid-state lighting should their lumen efficacy is improved [5]. The conformal coating method 
is proposed to supports color uniformity and leads to the uniformity of angular-dependent correlated color 
temperature (CCT) [6], but the light loss from backscattering effect prevents it from becoming the optimal 
solution. In attempts to achieve the higher luminescence for WLEDs to meet the lighting standard of solid- 
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state lighting, prior researches have proposed many methods. For example, a remote phosphor packaging 
structures to isolate the chip and the phosphor layer [7-12], a reflection structure that has an interior phosphor 
coating on polymer hemispherical shell lens to boost extraction efficiency, an air-gap embedded structure to 
boost luminous efficacy by reflecting downward light. In addition, limiting the loss of light from 
backscattering and enhance the dispersal of blue and yellow lights are crucial objectives in making greater 
quality WLEDs. In terms of luminous efficiency, the concentration of the phosphor is as important as the 
structure of the package [13-17]. The re-absorption loss in the phosphor and the phosphor concentration are 
related to each other, which means if one aspect rises it will cause an increase in others. Hence, the luminous 
efficiency of the device decline, particularly in WLEDs with lower CCTs [18-20]. Based on the information 
mentioned above, this paper presents the triple-layer remote phosphor WLEDs that has color temperature of 
8500 K that will be tested with different concentration of phosphor as a solution. The components of the TRP 
structure are three separate phosphor layers, the green MgCeA11,Oj9:Tb** phosphor layer in between the 
yellow YAG:Ce** phosphor layer at the bottom and red MgsGe2011F2:Mn** phosphor layer on top. The 
function of the green phosphor layer is to support the green light components and enhance photon emission. 
The red phosphor layer, on the other hand, improves red light component for better color quality. The results 
suggest that despite the insignificant decrease in WLEDs luminous flux, the TRP structure allows yellow, 
green, and red color proportions to be balanced and reach the highest potential. Such information is great 
news especially in the WLEDS industry that demands constant changes. 


2. PREPARATION AND SIMULATION 

Red phosphor MggGe201;F2:Mn** and green phosphor MgCeAlııO19:Tb°" are used in this research 
because they are low-cost, easy to produce and apply. These phosphors are applied to two purposes, the first 
one is to improve the WLEDs luminous flux with the green light component from MgCeA]\1019:Tb** layer. 
The second one is raising color rendering index (CRI) and color quality ratio (CQS) values with red 
MggGe2011F2:Mn** phosphor layer providing more red-light components in WLEDs. 

As shown in Figure 1 (a), the WLEDs in this study present the best optical-thermal stability. We 
have them built very carefully so that they identical to each other. This physical model of WLEDs has a 
reflector that is 2.07 mm in height, 9.85 mm in length at its top surface and an 8 mm long bottom. The remote 
phosphor layer has a fixed thickness of 0.08 mm and covers 9 LED chips. Each LED chip is 1.14 mm square 
base, has the height of 0.15 mm and bound to the cavity on the reflector. The output of each blue chip is 
1.16W at 453 nm wavelength. The normalized cross correlations between them are approximately 99.6%, 
which means the real packaging and the one used for the simulation are similar. In addition, lower the 
influences from different elements such as LED wavelength, waveform, light intensity, and operating 
temperature on the CRI and CCT. The Monte Carlo ray-tracing method based commercial software, 
LightTools 8.1.0, is employed to replicate the WLEDs with the remote phosphor structure and average CCT 
values of 6000 K, 7000 K, and 8500 K. Figure 1 (b) displayes the 2-D simulated physical model of WLEDs 
use to perform optical simulations of remote package WLEDs. The concentration of phosphor particles varies 
constantly from 2% to 20%. Yet, by controlling the YAG:Ce** wt. concentration the average CCT values are 
remained the same. 
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Figure 1. (a) WLEDs, and (b) Illustration of triple-layer remote phosphor configuration 


3. RESULTS AND DISCUSSION 
As shown in Figure 2, the red phosphor and green phosphor concentrations in the range of 2% to 
20% contribute to the modification of CRI. The CRI rises up if red phosphor concentration goes up and 
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achieves the highest value when red phosphor concentration is at 20%. On the contrary, adding in green 
phosphor is not beneficial for the CRI. The results show that disregard to the addition of red phosphor or 
alteration in average correlated color temperature (ACCT), when the green phosphor increases from 2% to 
20%, the CRI value will decrease accordingly. Therefore, adding the red-light component in WLEDs, which 
is generated from red MgsGe2011F2:Mn*" phosphor layer, is crucial to boosting CRI value while increasing 
the green MgCeAlı1019:Tb°" phosphor concentration is unfavorable for the CRI. The problems are the growth 
of green phosphor reduces the conversion energy in the red phosphor layer and emitted light only gets to the 
red phosphor once passing through the green phosphor due to packaging order. Therefore, to achieve better 
CRI value, the green MgCeAl1,;Oj9:Tb** phosphor concentration should be reduced as low as possible. 
However, CRI is not the only indicator for color quality. The viewer's preference and the color coordinates 
are the two fundamental criteria besides the true color of the object that are not covered by the CRI. Color 
quality scale (CQS), on the other hand, contains three components: CRI, visual preference, and color 
coordinates for white light [20]. Therefore, when in comparison with CRI, CQS stands out as the more 
noteworthy and more challenging goal to accomplish. Then it leads to the question of how to improve the 
CQS value in WLEDs? Is it similar to the CRI and red-light component is the only thing that is needed to 
improve the value? The explanation is in Figure 3, in which the CQS is analyzed into details. 

Generally, CQS also benefits from the growth of the red MggGe20;\F2:Mn** phosphor 
concentration. However, the deflection of CQS is less significant than that of CRI when green phosphor 
MgCeAl,;Oj9:Tb** concentration varies, in particular, the CQS only decrease when the green phosphor 
concentration exceeds 14%. As can be seen from Figure 3, both green phosphor and red phosphor can 
enhance CQS. The key point in improving CQS is the balance among three color components: green, yellow, 
and red. As to maintain the ACCT level, when the concentrations of green and red phosphors increase, the 
yellow phosphor concentration will drop. 
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Figure 2. CRI in TRP with red MgsGe2011F2:Mn** phosphor and green MgCeAli1019:Tb?* phosphor 
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Figure 3. CQS of TRP as a function of red MgsGe2011F2:Mn** phosphor and green MgCeAl,;O19:Tb* phosphor 


As mentioned, the yellow-green-red color balance is the key to improve CQS. Hence, controlling 
CQS means controlling the balance between the three colors. This can be achieved by applying the results in 
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Figure 3, which show CQS values grow as green MgCeAli1019:Tb°* phosphor increases in the range of 2% to 
10% and the highest values of CQS is achieved when green phosphor MgCeAli1019:Tb°* in between 10% to 
14%. These events are because when the concentration of the green phosphor is low (2% to 10%), the 
composition of yellow light still dominates, therefore, the loss of light-transmitting energy by scattering leads 
to high CQS and when the green concentration is from 10% to 14%, green light is a necessity to reach the 
peak value of CQS. However, as the MgCeAli1019:Tb°" keeps increasing, the excessive green light deflects 
the balance among the three colors red, green, and yellow, causing a reduction in CQS. 

It is much more difficult to control the color quality of the remote phosphor structure than the 
conformal phosphor or in-cup phosphor structures. Adjusting the color quality in WLEDs with ACCT of 
8500 K is also more challenging. However, in the TRP structure, it can be seen that the higher the ACCT, the 
greater the CQS. Moreover, TRP structure also increases light scattering inside WLEDs and limits the volume 
of scattered light, which supports the combination of light components, resulting in the production of white light 
with advance quality. However, will the light energy be affected by this enhancement of scattering? 

This part introduces and illustrates the numerical model of the transmitted blue light and converted 
yellow light in the double-layer phosphor structure, from which changes can be made to create immense 
enhancement to LED efficiency. The blue light transmission and the conversion of yellow light in single 
layer remote phosphor package with the phosphor layer thickness of 2/ expressed as (1) and (2) [21-26]. 


PB, = PB, x e77281" (1) 
PY. — 1 Pi X PBo og-2ayıt = e~2%B1!) (2) 
~~ 2 Opi — ay 


In double layer remote phosphor package with the phosphor layer thickness of A the blue light transmission 
and the conversion of yellow light are defined as: 


PB, = PB, X e7 282" (3) 
PY, = 1p eno, (e~ 24x24 _ ẹ72aB2h) (4) 
2 g2 — Ay? 


The thickness of every phosphor layer is represented by A. The subscript "1" and "2" depict single 
layer and double-layer remote phosphor package. p presents the conversion coefficient from blue light to 
yellow light. y represent the reflection coefficient of the yellow light. The light intensity from the blue LED 
are the intensities of blue light (PB) and yellow light (PY), demonstrated by PBo. ag; ay which are parameters 
depicting the portion of the blue and yellow lights energy loss in their diffusion process in the phosphor 
layer. The pc-LEDs lighting efficiency develops significantly in the double-layer phosphor structure 
compared to a single layer structure: 


(PB, + PY,) — (PB, + PY;) Si (5) 
PB, + PY, 

The scattering of phosphor particles was tested with the Mie-theory. In addition, by applying the Mie theory, 
the scattering cross section Csca for spherical particles can be calculated with the following expression. The 
transmitted light power can be measured by the Lambert-Beer law [22] as shown in (6). In which Zo is the 
incident light power, L is the thickness of phosphor layer (mm) and Mew is the extinction coefficient, which 
can be expressed as: Mex = N;.Cex, where N, is as the number density distribution of particles (mm™). Cex 
(mm7) is the extinction cross-section of phosphor particles. 


I = I0 exp(—pextL) (6) 


The (5) indicates that the luminous emission of WLEDs benefits from the utilization of many 
phosphor layers. The red phosphor and green phosphor concentrations are increased with the development of 
luminous emission. Therefore, to stabilize the ACCTs, the concentration of yellow phosphor must drop as the 
concentrations of red phosphor and green phosphor rise. The reduction of yellow phosphor concentration 
serves the purpose of limiting the light energy comes from scattering. In addition, as stated in the Lambert- 
Beer law in (6), the concentration of yellow phosphor declines as the transmitted light power rises. 
Accordingly, the higher concentration of the phosphoric MgCeA1,;Oj9:Tb** layer or MggGe201F2:Mn*", the 
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larger luminous flux output, unfortunately, that is unfavorable for CQS. The excessive amount of red or 
green light will induce inequality between the three colors, thus, leads to deterioration in CQS. 

As it is shown in Figure 4, luminous emission (LE) is able to move up 40% due to the addition of 
green light and scattered light scattering from the MgCeAl)1O19:Tb** phosphor layer. The concentration of 
MggGe2011F2:Mn** in 8500 K ACCT WLED also influence a bit on the enhancement of LE. However, with 
the concentration of MggsGe201;F2:Mn** within 2-14%, the LE values remain unvaried. Then when green 
phosphor concentration reaches 20% LE begins to fall off slightly. The result of this research is valuable 
information for manufacturers to find the most optimal concentration for these phosphors. For instance, the 
manufacturers can choose the MgCeAl;1O19:Tb** concentration 10% to 14% with MgsGe.01)F2:Mn** 
concentration at 20% for the high CQS and LE. 
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Figure 4. Luminous flux of TRP as a function of red MggGe201;F2:Mn** phosphor and 
green MgCeAl1019:Tb°* phosphor 


4. CONCLUSION 

In summary, the TRP structure, which contains the green phosphor layer MgCeA1,;Oj9:Tb** and the 
red phosphor layer MggGe2011F2:Mn*", was mentioned as an optimal solution to improve the CRI, CQS, and 
LE of WLEDs. The TRP structure has proved to not only enhance the color quality but also increase LE, a 
result that has never seen before. In order for that to happen, a balance between the three colors: red, green 
and yellow in the phosphor layers needs to be created by influencing the concentration in MgCeA1,;Oj9:Tb** 
and MgsGe20)|F2:Mn**. Managing the green light component from the green MgCeAl;1019:Tb** phosphor 
layer in WLEDs is crucial for the improvement of luminous flux. Besides, when dealing with the 
concentration of the red MggGe201|F2:Mn** layer, the red light component in WLEDs is the key to control 
the CRI. Moreover, the usage of several layers of phosphor instead of a single layer is more beneficial to the 
enhancement of luminous flux. The results of the study provide a configuration to the best color quality and 
luminescence WLEDs with outstanding attributes that can satisfy the people’s demands. 
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